Experiments indicating that epinephrine activates the adrenal cortex only when the pituitary gland is intacte"" have led to the suggestion that epinephrine may exert an action directly upon the secretory cells of the anterior hypophysis." At the same time, a number of other drugs, notably histamine,' have also been shown to bring about the release of ACTH, and this finding has tended to relegate epinephrine to the role of a nonspecific agent in the activation mechanism. This is true particularly since a series of reports published by Sayers and his associates' have demonstrated that the output of adrenocorticotrophic hormone is suppressed when the level of adrenal cortical hormones rises in the circulating blood-an observation which has suggested that the level of circulating cortical hormones controls the ACTH output of the pituitary in much the same manner that the level of estrogens influences the output of the follicle stimulating hormone. It may be noted, however, that histamine as well as many other drugs which stimulate the release of ACTH are known to cause also a rapid release of epinephrine from the adrenal medulla," so that the possibility remains that a variety of other drugs may exert their action through the epinephrine mechanism.
Since stating the original hypothesis concerning the role of epinephrine in activating the pituitary-adrenal system,' Long and his associates have continued to study the specificity of the response and the mechanisms through which it is brought about. Their data appear to show that epinephrine does not activate the pituitary through any of its other metabolic actions on electrolyte or carbohydrate metabolism. While they confirm, in part, the work of Sayers and his colleagues, the data of Long, et al.," and of McDermott, et al.," suggest that epinephrine has a specific role and an action directly upon the pituitary gland.
In order to attempt a correlation of the data available on the mechanisms controlling the secretion of ACTH, and to investigate further the role of epinephrine in this control, it seemed necessary to compare normal animals with animals which were unable to liberate endogenous epinephrine in response to painful, noxious, or emotional stimuli. Preliminary experiments of this type utilizing demedullated rats are described in the preceding report. To extend these studies in small animals, the most practical methods appeared to be the enucleation (demedullation) of the adrenal glands which was mentioned earlier, transection of the spinal cord above or below the splanchnic outflow, and the placing of electrolytic lesions in the diencephalon (the latter suggested by earlier studies indicating that increased activity of the sympathetic nervous system and the subsequent release of epinephrine are mediated through the thalamus and hypothalamus"' 210). Methods An account of the methods utilized has been given in the preceding report. All experiments described below were done upon male albino rats of the Sprague-Dawley strain, and none of the rats was fasted before being used for an experiment.
In nearly all of the experiments which follow, the direct counting of eosinophiles in the peripheral blood17 was used as an index of the rate of secretion of adrenal cortical hormone."6 Because of variations in initial levels of eosinophiles, it was decided to chart the results graphically by percentage fall. To obviate criticism of the use of a percentage rather than an absolute change, a graph ( Fig. 1 ) has been included which demonstrates a high correlation coefficient between the initial levels and the absolute fall in eosinophiles, a relation which makes it statistically permissible to employ percentage fall as an accurate index of change. In order to avoid basing all conclusions on eosinopenic responses, a number of animals were sacrificed during a variety of experiments and at various stages of the experiments, and their adrenal glands were analyzed chemically. Figure 2 is a scatter diagram illustrating the correlation found between changes in eosinophiles in the peripheral blood and changes in adrenal ascorbic acid concentration in normal rats subjected to procedures known to activate the adrenal cortex. The high correlation coefficient and the slope of the two regression curves indicate that the eosinopenic response is at least as satisfactory an index of adrenal cortical secretion as the fall in ascorbic acid content of the adrenal. The eosinophile count has the added advantage that changes can be observed at various times in an experiment on a single animal. Correlation between ascorbic acid levels in the adrenal glands and per cent fall in eosinophiles in a series of normal animals studied at varying time intervals, with epinephrine and under the various conditions of stress utilized in these investigations.
Results
It was decided to select as a pilot experiment a comparison of the changes in eosinophiles which follow the subcutaneous administration of epinephrine, using six normal and six spinal rats. The results are shown graphically in Figure 3 . These curves, illustrating an initial rise followed by a fall, are in general quite similar to those described by Rud, '9 Godlowski,' and Hortling.9
The curves have the same contour in normal and spinal rats, although a marked time lag may be noted in the latter group. Since the spinal sections were made in an attempt to interrupt pathways responsible for the secretion of epinephrine, these results suggest that the more rapid reaction of the normal rats was due to endogenous epinephrine released intravenously in response to the somewhat painful injection, plus the emotional stress of handling, cutting the tail, etc. In comparing these curves, it is clear that significant conclusions might be drawn by making eosinophile counts at zero, one-, and four-hour intervals, since the one-hour interval appears to represent the most marked point of difference between the normal animal and the animal which fails to respond to mild stress with a secretion of endogenous epinephrine, while the four-hour interval apparently represents in all animals a close-to-maximal response to a given drug or stimulus. Therefore, these particular time intervals were selected for further experiments.
As an incidental finding, attention might be called to the effect of splenectomy on the response of the eosinophiles to epinephrine.6"18 It would appear from the results shown in Figure 3 that, in the rat at least, the initial rise of the eosinophiles in response to exogenous or endogenous epinephrine is due to a contraction of the spleen, since this rise is abolished by splenectomy. The remaining experiments were done upon rats with the spleen intact, since the initial rise proved to be important in emphasizing the differences between the various categories of animals.
Saline. As a control series, various types of animals were injected subcutaneously with 2.0 ml. of normal saline at room temperature. From the results charted in Figure 4 , it is apparent that only the normal animals demonstrated any eosinopenic response, and that their response was maximal in one hour.* A comparison of the curves in Figure 3 with those of later experiments done with epinephrine (Figs. 5, 6 , and 7) suggests * Dots above the columns in all charts represent the calculated standard error.
that the response to isotonic saline represents a reaction of the sympathetic nervous system to a minimal stress, with subsequent release of epinephrine.
As noted in the preceding paper, this response can be almost abolished by the careful selection of animals which are used to handling, by warming the saline, and by gentle injection.
Epinephrine. The next obvious step was a comparison of the effects of subcutaneous epinephrine in normal rats and in rats in which the pituitaryadrenal axis had been broken by ablation of either the pituitary or the adrenal gland. In agreement with the results of earlier experiments using adrenal ascorbic acid levels as an index of cortical activity,'13 the eosinopenic response did not occur in the hypophysectomized rats ( Fig. 5 ), although they did show the usual preliminary rise in eosinophiles following administration of epinephrine. Adrenalectomized rats were expected to react in an identical fashion; they showed, however, a slight but statistically significant eosinopenic response. In an attempt to interpret this unexpected result, a series of rats was used in which the testicles were also removed at the time of the adrenalectomy. The results of epinephrine injected subcutaneously in these rats paralleled those obtained in hypophysectomized rats. This suggests that there may be a slight overlap in the effects of the adrenal and gonadal steroids, or that there may be adrenal rests in the testes which are responsive to the action of ACTH, but further investigation of this phenomenon is not within the bounds of this report.
It having been established that there is no eosinopenic response to epinephrine in animals in which the pituitary-adrenal axis is interrupted, the effects of subcutaneous epinephrine are now to be compared in normal rats and in rats in which the release of endogenous epinephrine has been abolished (i.e., spinal, adrenal demedullated, and diencephalic animals). This comparison demonstrates that, while the response in four hours is quite similar, there is in the one-hour reaction a distinct EPINEPHRINE. subcutaneous * difference between normal rats and the rats which fail to liberate endogenous epinephrine (Fig. 6) are charted in Figure 7 and demonstrate that the one-hour effect is reproducible. The final series of blocks in Figure 7 illustrates that, by simultaneous intravenous and subcutaneous administration of epinephrine, one can evoke in spinal rats an eosinopenic response very similar to the response of the normal rat to a single subcutaneous injection.
Cold exposure. The response of the eosinophiles of non-fasting, normal rats exposed to cold (0-2°C.) for four hours showed an initial fall in one hour with no further drop (Fig. 8) . The similarity of these results and those obtained from a single injection of isotonic saline (Fig. 4) suggests that the normal rat responds to this degree of cold exposure with an initial sympathetic discharge, and then adapts well to the new environment. Theoretically, therefore, animals whose ability to release epinephrine has been abolished should show no significant change in eosinophile count under similar conditions. The results of exposure to cold (0-2°C. for four hours) in non-fasted, adrenal demedullated and diencephalic rats bear out this hypothesis (Fig. 8) . (Cf. with the response of fasted, demedullated rats of Long, et al."8) Spinal rats, however, although unreactive in one hour, showed a marked drop in eosinophiles in four hours, and a number of animals were almost moribund at the end of this period of exposure. This amount of cold, while it did not provide any marked degree of stress to the other categories of rats, appeared to be an extreme physiological stress to the spinal animals, whose normal protective mechan-EPINEPHRINE -subcutaneous isms against cold exposure had been almost abolished by transection of the cord at c the third thoracic vertebra. u Obviously, the release of as epinephrine is not the only ,, mechanism controlling the , secretion of adrenocortico-I 0 the hypothesis of Sayers diencephalic rats. and Sayers2" that an increased utilization of adrenal cortical hormone (ACH) under any severe stress, with a resultant fall in the level of circulating ACH, provides a stimulus for release of adrenocorticotrophic hormone. If this hypothesis is applicable in this instance, by providing a severe stress it should be possible to cause a four-hour fall in eosinophiles in both the adrenal demedullated and in the diencephalic rats, in spite of their inability to liberate epinephrine.
Laparotomy. As an extreme stress, it was decided to open the peritoneal cavity under Nembutal anesthesia (5 mg./100 g., intraperitoneally), to expose the intestines on the abdominal wall for three minutes, and then to close the abdomen. The results of these investigations are charted in Figure 9 , where they demonstrate that, while there is no eosinopenic response in one hour in the adrenal demedullated and diencephalic rats, at the end of four hours there is a dramatic fall comparable to that obtained in normal rats. This supports the impression that there are other factors in addition to epinephrine involved in the release of ACTH; the implications of these experiments will be discussed later.
Pain stimulus above the spinal cord transection. At this point, it seemed important to determine whether or not a painful stimulus which entailed no physiological stress could bring about a release of ACTH via neural or neurohormonal pathways in the absence of epinephrine release. The subcutaneous injection of 1 ml. of hypertonic (10%) saline proved to be a satisfactory pain stimulus lasting several minutes in the normal rat, consistently causing a definite controls. Presumably, therefore, the release of ACTH which occurs following a painful or emotional stimulus (in the absence of severe physiological stress) is dependent on the reflex secretion of epinephrine and is not mediated through any other neural or neuro-humoral pathway. There appears to be no mechanism within the cervical cord, brainstem, hypothalamus, or pituitary stalk which is capable of activating the anterior pituitary under the conditions of this experiment, when epinephrine secretion is abolished.
Site of action of epinephrine. As a final experiment in this series, it was decided to attempt to localize the site of action of epinephrine by the use of hypophysectomized animals with anterior pituitary tissue transplanted into the anterior chamber of the eye. All of the data thus far obtained in this laboratory had indicated that, while the epinephrine mechanism is not the only one acting upon the anterior lobe, the adrenal medulla appears to be the more rapidly acting and the more highly sensitive of the mechanisms thus far proposed. From indirect evidence reported in the preceding paper, showing that there is no good correlation between the actions of epinephrine upon the pituitary and upon other organs of the body (for example, skeletal muscle), the locus of action of the hormone of the adrenal medulla in releasing ACTH was concluded to be directly upon cells of the anterior hypophysis.
It has not been possible to test this conclusion by direct application of epinephrine to the pituitary in situ because every operation thus far attempted to expose the pituitary in normal animals has brought about a marked COLD EXPOSURE. 2°C. for (9) spinal (5) demed. (7) dienceph. (6) done by the method of Six weeks after the grafting operation, tests for adrenocorticotrophic function were begun on the seven animals successfully prepared. The data of Table 1 show that animals with engrafted anterior pituitaries responded to a painful injection (10% saline) like normal rats, with falls of 19-61%o in eosinophile counts. Epinephrine injected subcutaneously had a similar but more uniform effect, producing falls of from 34%o to 61%o, while the injection of 0.05 ml. of epinephrine solution directly into the anterior chamber where the graft was located produced an eosinopenia of -34%o to -52%. On the other hand, the injection of the same amount of epinephrine into the opposite or "normal" eye evoked no significant fall in the eosinophile count,* while subcutaneously injected epinephrine produced no fall after surgical removal of the eye bearing the graft (0 to 25%o rise in the count).
From these data one may conclude that epinephrine has the direct type of action proposed above. Given subcutaneously in the usual dosage (0.02 mg./100 g.) it was borne to the engrafted gland where it stimulated the secretion of ACTH. Placed into the anterior chamber in a much smaller dose (0.2 p&g.) its action was the same if the eye contained the transplant; if the opposite eye was used, only insignificant changes occurred, since the (5) normal (6) epinephrine reached the pituitary after having been much reduced in concentration while traversing the general circulation.
These results confirm those of Cheng, et aLJ," and of Fortier and Selye,' who found direct pathways between the pituitary and hypothalamus to be unnecessary for adrenocorticotrophic function of the anterior lobe. The engrafted pituitaries in our series did not completely repair the deficiencies of the hypophysectomized animals in that growth did not occur, the testes remained atrophic during the time of this study, and assays for gonadotrophic activity in the transplants were negative. The adrenal glands, how-* In some of the rats the eye bearing the graft was tested first, while in other rats the injection was made first into the normal eye. Results were the same in both cases. ever, were larger than in control hypophysectomized rats, the grafts were found by assay to have adrenocorticotrophic activity (cf. McDermott, et al.'), and there was no question about the eosinophile response to pain or to epinephrine.* That these responses were brought about by the graft and not by some other mechanism, nor by tissue which might have remained in the sella, is shown by the failure of response after extirpation of the engrafted eye. Discussion The results of these experiments demonstrate that the activation of the autonomic nervous system with a consequent release of epinephrine plays an important but by no means a solitary role in the mechanism controlling the release of adrenocorticotrophic hormone from the pituitary. On the basis of these investigations and the results reported by Ingle," Sayers,2' Cheng,' and Recant,18 and their respective associates, there appears to be a dual mechanism controlling the release of ACTH, one phase of which depends on the activation of the sympathetic nervous system, and the other on the utilization of adrenal cortical hormones (ACH) in the body. We have illustrated diagrammatically in Figure 11 our concept of this dual mechanism and have labelled the two phases as (i) autonomzic and (ii) metabolic. In the normal organism exposed to severe stress, these phases appear to be sequential, with a rapid activation of the anterior pituitary through the release of epinephrine, followed by the metabolic phase in which the bodily requirements for the adrenal cortical steroids control the release of ACTH through the medium of the varying levels of adrenal cortical hormones in the circulating blood (Sayers' hypothesis21). That these two phases are not necessarily sequential or concomitant even in the normal animal is indicated by the data in Figures 4 and 8 , in which the mild, transient stimulus of an injection, or the initial stress followed by adaptation which occurs during exposure to cold at 0-2°C., is shown to cause in one hour an initial eosinopenic response followed by stabilization. In the spinal, adrenal demedullated, and diencephalic animals it is apparently only the metabolic phase which functions, and unless the stress is severe enough to cause an increased utilization of adrenal hormone, no eosinopenic response will occur.
The role of the diencephalon in the release of adrenocorticotrophic hormone appears to be as a center in the long neural pathway effecting the release of epinephrine. It appears likely that the results of Recant, et al., '8 who found that Nembutal acts to stabilize the eosinophile count, and those of Sayers and Sayers,2' who noted that barbiturate anesthesia prevents the adrenal cortical response to cold, may be explained by the well-known selective action of barbiturates upon the hypothalamus. Any drug which acts to depress the autonomic function of the hypothalamus, or specifically, its "sympathetic" function, would be expected to modify the autonomic phase of ACTH release.* From the data available, no specific neuroanatomical conclusions can be drawn beyond the fact that the electrolytic lesions effective in abolishing the endogenous secretion of epinephrine as a response to stress were located in the ventral thalamus and anterior APPROXIMATE only the paraventricular nuclei, but almost the entire anterior hypothalamus. As mentioned before, only six diencephalic animals are included in this report, and further investigations are in progress. From the results of these studies, including those on pain stimuli as charted in Figure 10 , it would appear that no neural or neurohormonal pathways are concerned specifically with the release of ACTH, beyond the well-established pathways of the sympathetic nervous system which effect the release of epinephrine. From the adrenal medullae the epinephrine appears to be carried to the anterior lobe where it acts directly upon secretory cells to stimulate a release of adrenocorticotrophic hormone. Conclusions 1. By correlation with the fall in ascorbic acid level in the adrenal gland, the eosinopenic response in the peripheral blood has been shown to be an accurate and satisfactory index of the release of cortical steroids from the adrenal, although there is no evidence as yet that the initial level bears any constant relation to the functional capacity of the gland.
2. The initial rise in eosinophiles following either the administration of exogenous epinephrine or the release of endogenous epinephrine is dependent on the contraction of the spleen.
3. A slight but consistent eosinopenic response in adrenalectomized rats can be abolished by concomitant castration. This suggests either a slight overlap in the action of the gonadal and adrenal steroids, or the presence of functioning adrenal cortical cell rests in the gonads. 4 . The mechanism of control of the secretion of the adrenal cortex, through the release of adrenocorticotrophic hormone from the pituitary, apparently consists of two phases which may be independent or sequential, depending on the conditions of stress encountered by the organism. These phases have been labelled autonomic and metabolic-terms which seem descriptive of their physiological characteristics. The first or autonomic phase depends on the reflex secretion of epinephrine which directly activates the anterior pituitary, while the second or metabolic phase is based upon the rate of utilization of adrenal cortical hormones within the organism. This concept has been illustrated in the diagram of Figure 11 .
